Fluids circulate through the Earth's crust perhaps down to depths as great as 5^15 km, based on oxygen isotope systematics of exhumed metamorphic terrains, geothermal fields, mesozonal batholithic rocks and analysis of obducted ophiolites. Hydrothermal flows are driven by both thermal and chemical buoyancy; the former in response to the geothermal gradient and the latter due to differences in salinity that appear to be ubiquitous. Topographically driven flows generally become less important with increasing depth. Unlike heat, solute cannot diffuse through solid matrix. As a result, temperature perturbations advect more slowly than salinity fluctuations by the factor P, but diffuse more rapidly by the factor U/D and are so smoothed out more efficiently. Here, P is porosity, while U and D denote the thermal and chemical molecular diffusivity, respectively. Double-advective instabilities may play a significant role in solute and heat transport in the deep crust where porosities are low. We have studied the stability and dynamics of the flow as a function of P and thermal and chemical buoyancy, for situations where mechanical dispersion of solute dominates over molecular diffusion in the fluid. In the numerical experiments, a porous medium is heated from below while solute provides a stabilizing influence. For typical geological parameters, the thermohaline flow appears intrinsically chaotic. We attribute the chaotic dynamical behavior of the flow to a dominance of advective and dispersive chemical transfer over the more moderate convective heat transfer, the latter actually driving the flow. Fast upward advective transport and lateral mixing of solute leads to formation of horizontal chemical barriers at depth. These gravitationally stable interfaces divide the domain in several layers of distinct composition and lead to significantly reduced heat flow for thousands of years. The unsteady behavior of thermochemical flow in low-porosity regions has implications for heat transport at mid-ocean ridges, for ore genesis, for metasomatism and metamorphic petrology, and the diagenetic history of sediments in subsiding basins. ß 1999 Elsevier Science B.V. All rights reserved.
Introduction
Virtually all of the oceanic crust to depths of 57 km, and also continental crust at depths greater than several kilometers, is characterized by a porosity which is as small as one volume percent or less [1^3] . Aqueous £uids are present down to at least 9 km, based on deep borehole measurements [4^6] and analysis of obducted ophiolites, e.g. [7] . Further, it has been argued from oxygen isotope systematics of exhumed metamorphic terrains that £uids may penetrate down to 10^15 km [8] . The extensive collected works of Taylor and co-workers (see [9] for a compilation) and others readily demonstrates the pervasive role played by £uids in mediating transport of heat and chemicals with the Earth's crust.
Large volumes of the Earth's crust although of low porosity may be £uid-saturated. Provided suf¢cient permeability exists, these £uids advect within the deeper crust, driven by both thermal and chemical buoyancy; the former in response to the geothermal gradient and the latter due to local variations in salinity, an almost inevitable consequence of complex geologic processes. For example, very general and global mechanisms produce gradients in the salt concentrations within the £u-id: meteoric water recharge from above (e.g. rain) while diagenetic, metamorphic and/or magmatic £uid sources lead to high concentrations of dissolved elements (up to saturation level) deeper within the crust, e.g. [10] . Advection of the saline £uids through the rocks has implications for many geological processes, such as heat transport, ore genesis, metasomatism and metamorphic petrology, and including the diagenetic history of sediments in subsiding basins [11^16] . For an overview of these and other hydrogeological implications, the reader is referred to Person et al. [17] and Ingebritsen and Sanford [18] .
When a £uid moves through a porous medium, heat and chemical elements can be transported by (1) di¡usion through the interstitial liquid, (2) advection of the liquid and (3) molecular di¡usion through the solid matrix. While di¡usion of heat through the solid and liquid is of the same order, di¡usion of chemical components through the liquid is much larger than through the solid. In addition to advective and di¡usive transport of chemical elements, hydrodynamic mixing of the interstitial £uid at the pore scale also leads to chemical transfer. This type of mixing, also called mechanical dispersion, is due to obstructions and the fact that all pores may not be accessible to a £uid element after it has entered a particular £ow path [19] . Due to substantial heat di¡usion through the solid rocks, mechanical dispersion of heat in the liquid is negligible under most geological circumstances [20, 21] .
Heat and dissolved elements thus in£uence the interstitial £uid density in a di¡erent manner. Heat advects slower than chemical elements through the liquid by the factor P, while di¡usion of heat through the bulk porous medium is larger by the factor P 31 times the ratio between the thermal and chemical di¡usivities [22] . Since the porosities are quite low of the order 10 32^1 0 34 in the deeper crust, double-advective double-di¡u-sive instabilities may play a large role in the transport of solute and heat.
In this study, the stability and dynamics of the £ow as a function of P and thermal and chemical buoyancy are investigated, for situations where dispersion of solute dominates over molecular di¡usion in the £uid. In our numerical experiments, the low-porosity medium is heated from below, while solute provides a stabilizing in£uence.
The outline of the paper is as follows. In Section 2, the governing equations describing thermohaline convection in a porous medium and the employed numerical method are given. The stability and dynamics of thermochemical convection in low-porosity media are described in Section 3. After demonstrating a few possible evolutionary states of the £ow, we discuss the general picture of the £uid dynamical behavior as a function of the thermal and chemical buoyancy and porosity. Furthermore, the sensitivity of the convective £ow to the anisotropic and dispersive character inherent to rocks is discussed. We conclude the paper by summarizing the results and discussing the geological implications of this work.
Formulation
We have considered a two-dimensional homogeneous porous medium in a square domain, which is saturated with £uid (see Fig. 1 ). The horizontal and vertical Cartesian coordinates are denoted by x and z, respectively. In reality, thermochemical convection in porous media is evidently three-dimensional [23] . However, the essential physics involving low-porosity thermochemical convection are captured in a two-dimensional model [22] . Furthermore, modeling of lowporosity convection is numerically challenging, because the allowed time step size depends linearly on P. Therefore, we feel that a study with good resolution in two dimensions ¢ts our purposes better than a three-dimensional one on a rather coarse grid.
Conservation of mass of £uid in a porous medium is described by:
where it is assumed that the £uid is incompressible [20] . This so-called Boussinesq approximation is reasonable when the £uid remains in the singlephase regime and temperature contrasts do not vary much across the domain [18] . Here, q is the seepage velocity. Assuming that inertia e¡ects are negligible, conservation of momentum in the porous medium can be expressed by the empirical law of Darcy [24] :
with p for pressure, b for £uid density and g for the gravitation vector. The permeability K vector, consisting of the horizontal permeability K x and the vertical component K z , is assumed to be spatially invariant and isotropic in most experiments. However, a few experiments in strongly anisotropic media have also been performed. The orientation of the principal axes of K are assumed to be parallel to the sides of the domain. For the situation of an arbitrary orientation of coordinate axes, the reader is referred to Tyvand and Storesletten [25] . The dynamic £uid viscosity W is taken as a constant. It is assumed that the £uid and matrix are in thermal equilibrium ; conservation of energy can then be expressed as:
where T denotes the temperature and U, the e¡ec-tive thermal di¡usivity of the saturated medium, is constant. Further, c represents the ratio of the heat capacities between the solid matrix and the £uid c = P+(13P)(bc p ) matrix /(bc p ) fluid . Here, c p represents the isobaric heat capacity and P is the porosity of the medium. When we assume that the dispersive £ux of chemical concentration can be expressed in Fickian form, conservation of the solute concentration C is given by [26] :
where D h is a second-order tensor which describes the hydrodynamic dispersion [19] . The tensor consists of the summation of the molecular di¡usion in the porous medium, D mol , and the tensor of mechanical dispersion D mech . Here, the molecular di¡usion in the porous medium is de¢ned as 
where a l and a t represent the longitudinal and transversal dispersivities, respectively, and N ij is the Kronecker delta. In general, mechanical dispersion of chemical concentration is more important than molecular di¡usion, except when the £ow is very slow. 
where :
Here, the circum£exes denote the non-dimensionality of a parameter. Moreover,
T is the di¡erence between the density and the density at the reference state. The ¢ve dimensionless parameters governing the convective dynamics are the thermal Rayleigh number Ra T , the chemical Rayleigh number Ra C , the permeability ratio K r , P*, a r and the Lewis number, Le mol . These dimensionless parameters are de¢ned as:
Besides the two Rayleigh numbers, their ratio is also used in this study. This so-called buoyancy ratio R b is given by:
The heat capacity ratio is assumed to be equal to c = 1 in this study, a reasonable assumption for most natural systems. That is, since (bc p ) matrix v(bc p ) fluid , c = 13P which goes to unity for P small. Scale analysis of Eqs. 7 and 8 shows that non-dissolvable elements are advected at the £uid velocity q ê/P*, while temperature advects with the total £uid £ux q ê. This leads to the development of double-advective, double-di¡usive instabilities [22] , especially in geological media of low porosity. Fig. 1 displays the con¢guration of the model together with the boundary conditions. A square domain with impermeable boundaries is considered. The temperature and chemical concentration at the bottom boundary are equal to one, while at the top, both quantities are ¢xed to zero. The vertical walls are insulators with respect to heat and solute transport. Initially, the £uid is motionless and the dynamical pressure distribution is zero everywhere. The interior is cold and chemically depleted. Note that heat destabilizes the liquid, while the solute provides a stabilizing in£uence.
At each time step, temperature and salinity are used to compute the horizontally averaged heat and solute £uxes at the surface. The heat £ow through the surface of the domain is de¢ned as:
where V ( = 2.5 W/m³C) denotes the thermal conductivity and the overbar implies a horizontal average. The chemical surface £ux is de¢ned as:
The system of Eqs. 6^8 is solved on a cell-centered grid by using a second-order ¢nite volume multigrid method. Details of the method are given by Trompert and Hansen [27] , where it was used for free convection at in¢nite Prandtl number.
Spatially, a central approximation is used for the di¡usive £uxes. Furthermore, the £ux-limited Fromm scheme [28] is used for the advective compositional £uxes to preserve the monotonicity of the solution at sharp interfaces. The non-limited version of this scheme is used for the advective thermal £uxes.
Time integration is carried out by the implicit second-order Crank^Nicolson method for the diffusion of heat. The second-order explicit AdamsB ashforth scheme is used to advance the advective terms of the energy and species equation in time. This Adams^Bashforth scheme is also employed for the velocity-dependent chemical dispersion terms. Validation of the code was accomplished by comparison with published results on thermal and thermochemical convection in porous media [29^31].
Results: dynamics of low-porosity thermohaline convection
In this section, the stability and dynamics of thermohaline convection in low-porosity media are investigated for the case in which the porous medium is heated from below, while chemical concentration provides a stabilizing in£uence. We investigate the case in which mechanical dispersion of the solute dominates over molecular di¡usion of the solute within the £uid. First, the results of a few numerical experiments are presented to give an overview of the possible evolutionary states (Section 3.1). Next, the evolutionary states of the ¢rst set of experiments are discussed for a variety of porosities. Finally, the sensitivity of the £uid dynamical behavior to the anisotropic permeability and dispersive character of the rock is discussed (Section 3.3). The spatial numerical resolution used is 64U64 grid cells, based on extensive testing with other (also ¢ner) discretizations and smaller time step sizes. The grid cells are re¢ned in vertical direction near the base and the top of the domain in order to resolve the horizontal boundary layers.
Flow dynamics and transport properties: a few examples
In a ¢rst set of experiments, the thermal Rayleigh number Ra T , the buoyancy ratio R b and the porosity P of the medium are varied systematically. All sides of the system are impermeable (see Fig. 1 ). Furthermore, permeability and porosity are isotropic and homogeneous throughout the domain. The transversal dispersivity is 5U10 35 times the vertical length scale of the domain, while the dispersivity ratio is equal to a r = 10. Initially, the motionless £uid is cold and chemically depleted, while the £uid is perturbed by giving the lower left grid point a temperature T ê = 0.1.
Within the whole set of experiments, we have observed the system evolving to one of the following states: (1) static di¡usive, (2) steady convective, (3) oscillatory convective and (4) chaotic convective. The system of equations is integrated numerically until one of the stages can be clearly distinguished. At this point, (1) the average velocity is smaller than 10 34 and the heat £ux through the domain is purely di¡usive, (2) the average velocity is larger than 10 34 and the di¡erence between the surface heat £ow and the globally averaged heat £ow is smaller than 10 34 , (3) at least ¢ve similar periods of the oscillation have been observed and ¢nally, (4) a statistically steady state has been reached.
Apart from the obvious static, di¡usive solu- (Fig. 2a,b) . The thermally driven convective £ow entrains salinity dispersively through the bottom of the domain into the interior (Fig. 2b,c) . Due to the low buoyancy of the chemicals, there is not much hindering force. The £ow is therefore able to evolve rapidly towards a convective steady state, in this case consisting of four side-by-side slender cells (Fig. 2d) . The steady £ow is characterized by three ascending plumes of hot £uid and two sinking colder currents in between. Note that solute advects 100 times faster than heat in this simulation. Thin thermal and even thinner chemical boundary layers are visible at the top and bottom of the domain. Since the solute transport is dominated by advection and/or dispersion throughout the domain, the interior is chemically well-mixed and nearly homogeneous at an average of C = 1.25 wt%. Fig. 3 shows the T and C distributions at four stages of an experiment with a slightly larger chemical contrast of vC = 4 wt% between top and bottom. During the ¢rst 10 5 years of the evolution, an irregular £ow pattern is visible (Fig.  3a) , consisting of several irregular convection cells. The system frequently bifurcates to a £ow pattern with another number of the cells. Note that di¡usive areas, indicated by gradually increasing temperature and chemical concentration with depth (for example, the right-hand side of the domain in Fig. 3a) , coexist with adjacent convecting £uid. While the temperature ¢eld remains smooth, vigorous advection of the solute mixes 4.
2.5wt% the solute very well in these advective parts of the domain. As a result, these advective parts appear as chemically almost homogeneous spots, while sharp interfaces separate the di¡usive and advective environments. Note that within the convective areas, a signi¢cant amount of £uid recirculates. Suddenly, the convection evolves towards a spatially coherent £ow pattern of three side-byside cells (Fig. 3b) . Due to the slightly unstable thermal boundary layers, variable amounts of chemical concentration enter or leave the domain dispersively through the bottom and top. As a result, the chemical content of the interior varies in an oscillatory fashion between vC = 0.5 and 3.5 wt%, with a period of 6 kyr (see Fig. 3b^d ). Fig. 4 displays the thermal and chemical distributions for an even larger chemical di¡erence between the horizontal sides of the domain (vC = 10 wt%), at ¢ve di¡erent stages in the evolution. Fig.  4a shows a hybrid pattern of advective and di¡u-sive areas. In contrast to the previous experiment, the £ow remains chaotic and reaches a statistically steady state. We attribute the chaotic behavior at larger chemical contrasts to the fact that the thermochemical system is dominated by advection, in this case, of principally one component: chemical concentration.
Another characteristic feature of the £ow at low porosity is the spontaneous development of horizontal chemical barriers at depth. These gravitationally stable interfaces divide the domain into two or more separately convecting layers of a different chemical content. Rather than being an exception, the interface development is a common and prominent feature observed in low-porosity £ow.
The formation and evolution of one of these interfaces is shown in Fig. 4b^e. In Fig. 4b , the interface is visible as the clustering of several horizontal isopleths at a depth of 2.4 km. Further convective mixing within the layers adjacent to the interface results in an increase of the chemical and thus density contrast across the interface up to a maximum of vC = 9 wt% (Fig. 4c) .
When the convective vigor in the lower layer increases, £uid is entrained convectively from above the interface into the lower layer. Consequently, the density interface gradually migrates upward until it merges with the upper boundary layer, such resulting in a single layered £ow again (Fig. 4c^e) . Note that besides upward moving in- terfaces, we have also observed several interfaces migrating downward in the same experiment. For downward migration to occur, convection in the upper layer has to be more vigorous as compared to that in the lower layer. The migration of density interfaces which developed in an initially linearly strati¢ed chemical concentration ¢eld is discussed in more detail by Schoofs et al. [32, 33] . Besides elucidating the various possible evolutionary states of the system, the three examples show an important e¡ect of the chemically dissolved elements. Despite the stabilizing in£uence of salinity on the density pro¢le, increasing the salinity di¡erence between top and bottom results in a transition from steady to chaotic behavior. At the threshold value of the chemical to thermal buoyancy ratio, the convection is often characterized by an oscillatory £ow pattern. We attribute this transition to an increasing in£uence of the transport of chemicals over the thermally driven £ow ¢eld. The £ow, although driven by a moderate thermal di¡erence, appears intrinsically unsteady due to the advectively and dispersively dominated transport of the solute.
In Fig. 5 , the temporal evolution of the heat and chemical £uxes through the top of the domain are shown for the three examples. For the experiment with the lowest chemical contrast, the system evolves quickly to a steady state (Fig.  5a,d ). For the intermediate chemical contrast (vC = 4 wt%), both heat and solute transport become oscillatory after an initial stage of chaotic £ow behavior (Fig. 5b,e) . When vC = 10 wt% (Fig. 5c,f) , ¢nally, both surface £uxes remain unsteady up to the end of simulation. Furthermore, the time-average of the chaotic heat £ux is reduced as compared to the £uxes at a lower chemical contrast, because a part of the internal energy which enters the domain through the bottom is used to transport the dense chemical elements upwards. Finally, heat (solute) £uxes are reduced especially during those periods in which an interface is present, because transport across this barrier is mainly di¡usive (dispersive) [32, 33] .
The shortest observed periods of the chemical £ux are of the order of a few decades. These £uc-tuations are due to the variations in the chemical content of the advected £uid which reach the top of the domain. The highest frequency £uctuations are not present in the heat £ux curves, because heat di¡uses faster and advects at a slower rate as compared to solute. The periods between the large amplitude £uctuations correspond with the time needed for the formation and disappearance of the chemical interfaces. These time periods are therefore related directly to the migration speed of the interfaces.
The petrological evolution of the host rock de- pends signi¢cantly on the temperature and salinity of the £uid at a ¢xed location. Therefore, we have plotted the temporal evolution of T and C at the center of the domain for the three simulations (see Fig. 6 ). Obviously, the dynamical behavior of the £ow is re£ected directly in the thermal and chemical evolution of the £uid and thus the host rock. For the chaotic case, the migration of chemical interfaces results in salinity variations of up to vC = 9 wt% on timescales as short as a few decades. The £ushing of the rocks with £uid of a highly variable solute content may lead to alternating periods of over-and undersaturation of chemicals within the £uid. Precipitation and dissolution of typical chemical elements could then easily produce the zonation, typically found in metamorphic rocks (e.g. banded sphalerite) [34] . Due to signi¢cant di¡usion of heat, the thermal history of the rock is smoother as compared with the chemical one. Nevertheless, £uctuations up to half of the imposed temperature contrast between top and bottom are observed within periods of the order of 1000 years.
Results on the petrological history of a rock, as inferred from methods like oxygen isotope analysis [9] or £uid inclusion techniques [35] , are therefore very sensitive to the typical convective style of the £ow. Salinities of distinct populations of preserved £uid inclusions within crystalline phases from many geothermal (including ore-forming) regions are very commonly found [35, 36] . The origin of these distinct populations may be related to the instabilities modeled in this study.
Flow regimes at various porosities
After discussing the possible evolutionary states of the system, we concentrate now on the distribution of these states within the Ra T^Rb^P space which was sampled by our numerical experiments. Dimensionless parameters are used in order to give a more general picture. The £ow space is plotted in Fig. 7a^c for three porosities, as a function of Ra T and R b . The four di¡erent symbols denote the evolutionary states of the system and are explained in the ¢gure caption. Fig. 7a shows the ¢rst case in which the medium has an hypothetical porosity of P = 1, which means that heat and solute advect with the same speed through the porous medium. At low buoyancy ratios, R b 90.25, the £ow evolves to a steady or oscillatory convective solution when the thermal Rayleigh number is large enough to destabilize the £uid. Here, this critical Rayleigh number Ra TYcr , increases gradually with increasing buoyancy ratio. For increased buoyancy ratios, chaotic £ows generically evolve. Note that for pure thermally driven convection (R b = 0), the transition from oscillatory to chaotic convection occurs between Ra T = 600 and 1000, that is, at a higher value than for thermochemical convection.
Neither density interfaces or di¡usive areas were observed in any of the experiments with P = 1, in contrast to £ow at low porosity (P = 0.01). Instead, convective currents directly connect the top and bottom of the system. The unsteady behavior of the £ow is due to instable boundary layers and cell bifurcations. Fig. 7b shows the £ow space for the case when the medium has an intermediate porosity of P = 0.1. In most of the simulations, the £ow evolves through a stage of irregular convective £ow towards a static di¡usive solution. During the chaotic stage in the evolution, the convective currents connect the top and bottom of the system again, while the formation of density interfaces is not observed. Di¡usive areas do exist alongside convective patches within the £ow domain, however, like in the low-porosity experiment shown in Fig. 4 . Despite the uniform heating and salting of the interior through the bottom, the di¡erence in advection velocity of heat and solute apparently concentrates the vertical transfer of these quantities in laterally bounded areas.
At low porosity of the medium (P = 0.01), ¢-nally, the convective dynamics appear chaotic in nearly all simulations (see Fig. 7c ). The £ow is characterized by diverse, complex £ow patterns, consisting of, ¢rst, the coexistence of di¡usive and convective domains and, next, the formation, migration and disappearance of horizontal density interfaces. The dynamical behavior of the £ow in low-porosity media is therefore fundamentally different from £ow at higher porosity. The manifestation of this instability at typically low porosity is visible in Fig. 7d , where the evolutionary states are plotted on the surface of a cube with axes Ra T , P and R b .
A few exceptions from the almost intrinsically unsteady character of the thermohaline driven £ow at low porosity are observed. Apart from the obvious static di¡usive solution which is obtained when the thermal buoyancy is not large enough to even drive convection without the pres- From these experiments, we conclude that thermohaline convection is almost intrinsically chaotic at low porosity P = 0.01. We attribute this instability to a dominance of chemical transfer over the moderate heat transfer that actually drives the £ow. Since advection and dispersion of chemicals dominate over molecular di¡usion, the £ow ¢eld appears unsteady.
The £ow is characterized by the coexistence of advective and di¡usive areas. Moreover, fast upward advective transport and lateral mixing of solute spontaneously leads to the generation of horizontal chemical interfaces at depth. Since the chemical di¡erence across the interface results in a stable density interface, separately convecting and chemically distinct layers develop on top of each other. These layers either grow or decline by the processes of advective and dispersive entrainment across the density interface(s). The time scale involved with the formation and disappearance of these interfaces determines the period between the major £uctuations of the £ow. This convective style is fundamentally di¡erent from £ow at intermediate and high porosities, which often evolve towards the static di¡usive state.
Since the transition to chaos in three-dimensional experiments of pure thermally driven convection occurs at a lower thermal Rayleigh number as compared to two-dimensional experiments [37] , we expect that the observed intrinsical unsteadyness of low-porosity thermohaline convection is also present in a three-dimensional setting.
Anisotropic permeability and mechanical dispersion
Permeability is one of the most critical parameters governing the £ow in geological systems. Unfortunately, it is also one of the most di¤cult parameters to measure in the ¢eld (due to problems of heterogeneity and scale). Still, the permeability ¢eld of both oceanic and continental crust is very likely anisotropic and heterogeneous [13 ,38^42] . Several linear stability studies address the onset of thermal and thermohaline convection in anisotropic media (e.g. [43] ). Other studies have focused on the amount of heat transport at slightly supercritical Rayleigh numbers, e.g. [44] . Kvernvold and Tyvand [45] reported results on steady state thermal convection in anisotropic media for anisotropy ratios ranging from 0.01 to 100 and for Rayleigh numbers up to approximately 10 times the critical Rayleigh number Ra cr (where Ra cr also varies with anisotropy). The in£uence of anisotropic permeability on the £ow pattern for the oceanic crust was studied by Rosenberg et al. [39] . The reader is referred to Storesletten [46] for a review on convection in anisotropic media.
In this section, we are interested in the in£uence which anisotropic permeability has on the dynamics of low-porosity thermohaline convection. Therefore, we have performed a set of experiments in a medium with P = 0.01 in which the permeability ratios K r = K x /K z = 10 and 0.1 have been considered. First, a thermal Rayleigh number of Ra T = 600 is considered based on the vertical permeability, while the buoyancy ratio is varied between R b = 0 and 3. The other parameters are similar to those previously presented. Fig. 8a displays the £ow space of the experiments in a medium with K r = 10. For all buoyancy ratios, the £ow appears unsteady. The most prominent di¡erence between the observed dynamical behavior as compared with experiments in an isotropic medium is that the aspect ratios of the convection cells are larger. Here, the aspect ratio is de¢ned as the width of a convection cell divided by its length. For low buoyancy ratios (R b 90.25), the £ow pattern is characterized by a single convection cell. Oscillatory instabilities of the thermal boundary layers lead to a multi-periodic £ow behavior. For larger buoyancy ratios, chemical interfaces develop again at depth and the £ow appears very chaotic.
In Fig. 8b the £ow space is shown as a function of R b , for the case in which K r = 0.1. For nearly all buoyancy ratios, the £ow evolves to a steady state in which the aspect ratios of the cells are small, as compared to £ow in isotropic media. The chaotic character of the £ow at R b = 1 is due to a nearly oscillatory bifurcation between a two-cellular £ow pattern and that of a single slender convection cell and an adjacent di¡usive area. The chemical reorganization involved with this bifurcation leads to an irregular behavior.
The di¡erences between £ow in isotropic and anisotropic media are primarily caused by the difference in the globally averaged permeability of these two media. In order to account for these linear e¡ects of the anisotropy on the onset of convection and the vertical heat transport in thermally driven £ow, Nield [47] proposed an e¡ective thermal Rayleigh number Ra TYeff rather than a Rayleigh number based on the vertical permeability. This e¡ective Rayleigh number is de¢ned as:
with:
Using this Ra TYeff , both the onset of convection and the heat transport e¤ciency do not depend anymore on the degree of anisotropy. In order to investigate whether the transition from steady to chaotic thermochemical convection also scales with this e¡ective Ra TYeff , a set of experiments has been performed with the e¡ective Rayleigh number as proposed by Nield [47] . Fig. 8c shows the case in which K x is 10 times larger than K z . In this case, Ra TYeff W129.53. For R b 90.5, the £ow evolves either to a steady or an oscillatory convective state of two convection cells. The £ow evolves through an initial chaotic stage towards the static di¡usive solution when R b = 0.75. For even larger buoyancy ratios, a single chaotic convection cell develops. Fig. 8d shows the evolutionary states for various R b , for a permeability ratio K r = 0.1 (Ra TYeff W1295.3). For low buoyancy ratios, the £ow evolves to a steady pattern consisting of 46 side-by-side convection cells. The £ow evolves through an initial chaotic stage towards the static di¡usive solution when R b = 1. For R b v2, ¢nally, the £ow appears unsteady and it consists of slender convection cells together with di¡usive areas. Furthermore, due to the development of chemical interfaces, intermittent stages of vertical layered convection are observed.
Comparison of the results of these experiments in anisotropic media with those obtained in isotropic ones (Fig. 8c) indicates that, despite the use of a similar e¡ective thermal Rayleigh number, we do not obtain a similar transition to chaos as compared with isotropic media. Irrespective of the anisotropic character of the permeability, however, the £ow appears chaotic for almost all buoyancy ratios.
Convective £uid £ow through heterogeneous media is beyond the scope of this study. For a detailed investigation of thermal convection through heterogeneous country rocks during contact metamorphism, the reader is referred to the simulations with stochastic permeability models of Gerdes et al. [14] .
Mechanical dispersion of chemical concentration is another important factor which may in£u-ence the dynamics of the £ow considerably. The amount of solute dispersion is related to the characteristic dispersion lengths of the porous medium: the longitudinal a l and transversal a t dispersivities. Like the degree of anisotropy in permeability, these two parameters also vary considerably among hydrothermal systems. Furthermore, they are not well-constrained from ¢eld measurements for km scale £ow domains. Measured in situ values of longitudinal dispersivity are of the order of 1^50 m, while the transversal component is up to an order lower [48, 49] .
In the previous experiments, we have used the dimensionless dispersivities of a ª l = 5U10 34 and a ª t = 5U10 35 , which correspond to the dimensional values of 2 and 0.2 m for a system of 4 km depth, respectively. Though these values are in the range of measured values, they can also easily be larger by more than an order of magnitude. In order to study the sensitivity of the £ow dynamics to chemical dispersion explicitly, we have increased the dispersivities to a l = 40 m and a t = 10 m. The permeability is assumed to be isotropic again. Fig. 9a , displays the evolution of the £ow for Ra T = 600 and P = 0.01, as a function of R b . We ¢nd this evolution to closely resemble the case with lower dispersion lengths. This becomes evident from a comparison of Fig. 9a with the results for Ra T = 600 in Fig. 7c . Nevertheless, some differences between the £ow in the two media are observed. From the results, we have the following indications for the dynamical consequences of mechanical dispersion. Locally, larger dispersion lengths of the medium lead to a more uniform chemical concentration. On the scale of the whole domain, however, the global averaged £uctuations of chemical concentration are large, as compared with the simulations in media with low dispersivities. This can be seen in Fig. 9b in which the domain-averaged chemical concentration is plotted against time, for the two dispersivities. Parameters are Ra T = 600, R b = 1 and P = 0.01.
From these experiments in a low-porosity medium, we conclude that the convection dynamics depend signi¢cantly on the typical anisotropic and dispersive character of the rocks. While anisotropy changes the pattern of the £ow in a characteristic manner, the transition from steady to chaotic behavior is di¡erent from the transition path followed in isotropic media. The characteristic dispersive length scales of the medium, on the other hand, do not change the typical dynamical behavior of the system, but do in£uence the interior C ¢eld evolution. Irrespective of the structural character of the rock, however, our results indicate that the dynamical behavior of thermohaline £ow at low porosity (P = 0.01) is almost under all circumstances chaotic.
Discussion and conclusions
A large volume of the Earth's outer crust of 
order 3U10
9 km 3 is characterized by a porosity which is as small as one volume percent or less. However, £uids are commonly present and may remain so to depths of the order 5^15 km, as based on deep borehole measurements, oxygen isotope systematics of exhumed metamorphic terrains and analysis of obducted ophiolites and mesozonal granitic rocks. These deep £uids may convect through the rocks, driven by both thermal and chemical buoyancy; the former in response to the geothermal gradient and the latter due to di¡erences in salinity that appear to be ubiquitous.
We have investigated the stability and dynamics of thermochemically driven convective £ow in these low-porosity environments (P = 0.01), as a function of thermal and chemical buoyancy. Despite the stabilizing gravitational in£uence of the solute, increasing the salinity contrast between top and bottom of the domain (while keeping the temperature contrast constant) leads to a transition from steady to chaotic behavior of the convection. For typical geological parameters, the onset of chaotic convection occurs when, at least for the two-dimensional £ow studied here, the salinity contrast is approximately 5 wt% or more. Considering the large salinity gradients present within the crust, we conclude that advection of aqueous £uids appears intrinsically unsteady within vast volumes of the Earth's crust.
The chaotic dynamical behavior of the £ow is due to the dominance of advective and dispersive chemical transfer over the more moderate convective heat transfer, the latter actually driving the £ow. The £ow pattern consists of distinct areas, in which heat and solute transport is governed either by advection or completely by di¡usion. Furthermore, fast advective transport of solute enables the convective £ow to spontaneously form horizontal chemical barriers at depth. These gravitationally stable interfaces divide the domain into two or more separately convecting layers of di¡er-ent composition. Advective and dispersive entrainment across the interfaces results in either upward or downward migration of the interfaces.
The convective style of low-porosity £ow is fundamentally di¡erent from £ow at intermediate porosity (P = 0.1), which often evolves towards the static di¡usive state at larger buoyancy ratios. This instability is therefore restricted to crust with up to a few volume percents porosity.
The chaotic behavior of the £ow evidently leads to an unsteadyness of the heat and solute transport across the domain. Within periods of only a few decades, the salinity content of the £uid can change from almost zero to almost the saturation level at one location. The periods between these £uctuations correspond with the time of the development and disappearance of the chemical interfaces. Further, increasing the solute contrast results in a signi¢cant decrease in the kinetic energy of the £ow (not shown) and, related with this, the volume £ux. Moreover, the heat £ow is reduced considerably.
The convection dynamics depend signi¢cantly on the anisotropic character of permeability and on the speci¢c dispersive character of the rocks. While anisotropy of permeability changes the pattern of the convective £ow in a characteristic manner, the typical dispersive length scales of the medium mainly in£uence the chemical content of the £uid. Irrespective of the structural character of the rocks, however, our results indicate that the dynamical behavior of thermohaline £ow at low porosity (P = 0.01) appears intrinsically unsteady.
The unsteady £ow has implications for various hydrogeological processes like heat transport through the crust, ore genesis, metasomatism, metamorphic petrology and the diagenetic history of sedimentary rocks in subsiding basins. Therefore, caution must be taken when assuming a steady convective £ow ¢eld in the interpretation of £uid inclusion and stable isotope data in hydrothermally altered crustal rocks. The results presented here suggest that small di¡erences in the spatial pattern of P even lead to further instabilities. Finally, the intrinsic unsteadyness of chemically reactive £ows [35, 50] follows naturally from the hydrological unsteadyness shown.
investigations were supported by the Research
